Abstract With increasingly ubiquitous use of web-based technologies in society high-resolution temporal data to better decision-making is discussed. 
implications; human risk mitigation in the form of characterizing toxic and/or odorant 154 gases; and gas handling diagnosis, where the unintentional leaking of gases from 155 industrial plants and transfer pipes holds financial loss ramifications, in addition to 156 posing a risk with regard to flammable or toxic gases. The impact of industrially 157 generated gas emissions on the environment has prevailed in the world media in 158 recent years [16, 17] . The significance of this has been further reinforced with the 159 formation of international legislation to quantify and subsequently reduce harmful 160 emissions [18] . The emphasis of such international efforts and media attentions has 161 been targeted at the so-called greenhouse gases (GHG): carbon dioxide (CO 2 ) and 162 methane (CH 4 ) gases have been identified as contributors to the greenhouse effect 163 [19], which has been linked to climate change through modification of the insulating 164 properties of Earth's atmosphere. In addition to their contribution to the greenhouse 165 effects on a global scale, gas emissions can be detrimental to their local environment. In addition to these toxins, ammonia (NH 3 ) and methane (CH 4 ) are unpleasant 176 odorants, with CH 4 also posing a significant fire hazard when existing in the highly 177 flammable range of 5-15% v/v in air [26] .
178
The use of autonomous sensor networks can effectively fulfil the sensing 
Gas Sensing Technologies

187
In selecting the sensor technologies to fit to a specific application, the most 188 prevalent criterion tends to be the minimization of sensor cost. Gas sensors tend 
193
With greater industrialization and the substantial increase in the volume of vehicu-194 lar traffic since then, the cost of air monitoring today has undoubtedly increased 195 substantially in excess of this figure. Other general criteria for sensor selection are 196 power consumption and gas selectivity. Low power consumption is advantageous 197 for low operational costs and extended time deployments. Gas selectivity is appli- 198 cation dependent, where a high sensitivity for the target gas is desirable to prevent 199 interference with other gases present in the sample. The context of autonomous 200 sensor networks introduces a number of other criteria, driving the need for compact 201 and rapid acquisition devices. Traditionally, gas sensing involved the capturing of 202 an air sample either via bagging or absorption on an applicable chemical surface. 203 This sample is subsequently processed in a laboratory, using methods such as gas 204 chromatography (GC), mass spectroscopy (MS) and infrared spectroscopy [28, 29] . 205 Such techniques have been used by the UK and USA environmental protection 206 agencies, whereby two methods are employed: the chamber method and the tracer 207 flux method [30] [31] [32] . The chamber method involves a volume of gas being col-208 lected on-site using a sealed gas-tight enclosure, with the sample being transported 209 to a remote laboratory for analysis, e.g., by GC-MS. The tracer flux method 210 involves the controlled release of a tracer gas (selected to be readily distinguishable 211 from the target gas) at specific locations in the landfill, with samples being grabbed 212 at locations downwind to monitor the plume dispersion [26] . The effectiveness of 213 both methods has been reported to be comparable [33] . While these techniques 214 yield very accurate results, the laborious process and substantial time delay between 215 acquisition and results (typically spanning several days) would not be suitable for 216 critical events where a rapid detection and alerting would avert a potential catas-217 trophe. The predominant sensor technologies employed to enable portable, real-218 time measurements include semiconductor, pellistor, ionization, electrochemical, 219 infrared and colorimetric sensors.
220
Semiconductor sensors work on the principle that the sensor material (comprised 221 of one or more metal oxides) varies its electrical resistance depending on the 222 absorption of the target gas [34] . When no gas is present, the sensor resistance 223 returns to its default condition. Amongst other applications, these types of sensors 224 have been developed to measure NH 3 with reasonably fast response times [35] , SO 2 225 [36] and gas compositions in catalytic convertors in car exhausts [37] . One of the 226 principle drawbacks of this type of sensor is its susceptibility to poisoning [38] , i.e., 227 the metal oxide materials become unresponsive after reactions with certain types of 228 gases, thus incapacitating the sensor. Furthermore, the behaviour of these sensors is 229 dependent on sample temperature and humidity as well as requiring the presence of 230 oxygen to function [39] , hence limiting its range of applicability for WSNs.
231
Pellistor sensors detect gases that have a significantly different thermal conduc-232 tivity to that of air [40, 41] . Heating elements incorporated into the sensor ignite the 233 target gas; the generated heat produces a change in resistance in the catalyst-loaded 234 ceramic detecting elements. Since the target gas needs to be ignited, the selectivity 235 of the device is limited to combustible gases only. Furthermore, regular mainte-236 nance is required and measurements can become unreliable over time [42] . As with 237 semiconductor sensors, poisoning is a possibility and the presence of oxygen is 238 required for proper functioning. These limitations signify that pellistor sensors are 239 not particularly suited to WSNs.
There are two types of ionization detectors: flame-ionization and photo-241 ionization. The ionization of the target gas results in a change in electrical charge 242 output, which is read as the sensor measurement [43] . The two methods differ by 243 their means of ionization: flame-ionization employs a hydrogen-air flame to pro-244 duce the ions [44] while photo-ionization involves the gas being bombarded with 245 high-energy photons (typically from the UV spectrum) [45] . These methods are 246 effective at sensing organic compounds and VOCs, though the flame-ionization 247 method is limited to combustible gases. Furthermore, flame-ionization has a disad-248 vantage in that it is a destructive detection method, thus not preserving the sample.
249
Ionization methods involve expensive (ca. $2,500) and complex devices, thus not 250 being viable as a basis for a large-scale network of nodes required for WSNs.
251
The operation of electrochemical sensors is based on the oxidation or reduction 252 reaction that occurs between the target gas and device electrodes [46] . Redox 253 electrodes often employ amperometry, in which the electrodes are poised at a 254 certain potential at which it is known the target gas can be oxidized or reduced, interference from other gases [51] . Furthermore, the sensors' performance is quite 266 sensitive to temperature, requiring internal temperature compensation and thermal 267 stability in the sample [52] . Electrochemical sensors have been used to successfully 268 detect NO [47] , NO 2 [48, 52] gas in humid environments [56] .
Colorimetric sensors involve the characterization of a colour change arising 286 from the reaction between the target gas and chemically sensitive colorimetric 287 layer [57, 58] 357 high-rate temporal data afforded by the autonomous systems has hitherto been 358 unavailable to enforcement agencies and site management; research is now under-359 way to attribute the gas generation and migration effects to causes such as weather 360 factors, landfill structure modification and extraction system effectiveness.
361
Further scope of such devices has been affirmed by the EPA and a number of 362 other interested parties with interest in the monitoring of hazardous pollutants and 363 toxins, including but not limited to NO x , CO and H 2 S. The modular design of the 364 platform allowed for sensors to be interchanged, broadening the number of poten-365 tial applications for this device. Such a platform had been developed as a pilot trial 366 for the passive (i.e., sample not pumped) monitoring of carbon monoxide. Electro-367 chemical sensors (Nemototech, Italy) were deemed to be a better choice for this 368 application due to low cost and low power consumption. The autonomous platform 369 was deployed at the exit to a multi-storey car park on DCU campus. An excerpt of 370 the data collected from this deployment is shown in Fig. 3 . A number of events are 371 clearly identifiable, as annotated on the graph. Event "a" occurs between 5 and 6 pm 372 during the working week (Mon to Sat) when most people leave the DCU campus. 373 Event "b" corresponds to patrons after a show at the local theatre. 
Introduction
396
There is a growing need for increased monitoring of natural waters and wastewaters 397 that is being motivated by significant legislative and societal drivers. To ensure that Distributed Environmental Monitoring 402 practices, which have been dominated by manual sample collection followed by 403 laboratory analysis using a range of techniques. While this approach, properly 404 implemented, can provide high-quality data, it is expensive due to the high man-405 power requirements and in some cases the high cost of analysis, and the sampling 406 frequency is consequently typically quite limited. There is, therefore, a need for 407 portable, robust, accurate water monitoring systems which can be used to measure 408 water quality in situ at relatively high frequency over extended deployment times.
409
Since the "miniaturized total analysis system" (mTAS) concept was introduced 410 by Manz et al. in 1990 [78] , microfluidic or "lab-on-a-chip" technology has been 411 seen to offer a range of properties which make it suitable for the development of 412 compact, autonomous analytical devices. In this context, the advantages of 413 microfluidic sensing systems can be summarized as (1) small flow rates used, 414 typically in the mL min À1 range, which minimize sample size, reagent consumption 415 and waste generation, (2) small size, facilitating the development of compact and 416 portable analytical systems, (3) speed of analysis derived from performing chemi-417 cal analysis on the mm scale, where diffusion-based mixing can be an efficient 418 process and (4) potential for low-cost devices. This combination of properties 419 makes microfluidic systems highly attractive as a basis for reagent-based monitor-420 ing of chemical species in the aquatic environment.
421
There are, however, also drawbacks associated with operating at the micro-scale; 422 the small samples sizes have implications in terms of properly representing the 423 complete body of water which is to be measured, while the small size of the channels 424 and other features of micro-analytical systems means that they are susceptible to 425 blockage or interference by even fine particulate matter. The former issue can be 426 mitigated by the higher measurement frequency which is possible using in situ 427 systems, while the use of fine filters at the sampling point can minimize the latter 428 issue, although at the cost of limiting the analytical parameter to the dissolved 429 fraction of the target species. Nevertheless, issues such as these and others, including 430 interference caused by bubble formation/trapping within the analytical system, have 431 represented significant barriers to the development of truly successful microfluidics-432 based in situ sensing systems. Although numerous and frequently highly sophisti-433 cated micro-analytical systems have been developed and assessed under laboratory 434 conditions, examples of integrated micro-analytical devices which have been suc-435 cessfully deployed for extended periods under real environmental conditions are 436 much scarcer. While the development of sensing nodes for the aquatic environment 437 which are sufficiently reliable and low in cost to form the basis of extensive WSNs 438 has been anticipated, realization of this goal has been more difficult to achieve. The 439 challenges to developing such systems include stability and reliability of the analyti-440 cal system, cost and power consumption of the integrated device, robustness in harsh 441 environmental conditions and fouling due to particulate matter and microorganisms. 442 In developing an autonomous environmental monitoring device, deployable lifetimes 443 on the order of months to years are desirable, depending on the specific application. 444 Achieving such lifetimes without elevating the fabrication cost of the integrated 445 system to unviable levels can be described as the key challenge for developers. In 446 this section, we focus on integrated microfluidics-based systems for water quality 447 monitoring applications.
Microfluidic-Based Water Monitoring Technologies
449
As the fabrication of microfluidic systems has been reviewed elsewhere [ [88] .
497
Other systems for in situ nutrient monitoring have been field tested by the 498 Alliance for Coastal Technologies (ACT), Chesapeake Biological Laboratory, 499 Maryland, USA [89] [90] [91] . The American Ecotech NUT 1000 was originally devel-500 oped by Monash University and commercialized by Ecotech Pty. Ltd. The system 501 can achieve LODs for reactive phosphate of <3 mg L À1 with a response time of 502 30 s. The high sampling rate is due to the use of rapid sequenced reagent injection in 503 combination with a multi-reflection flow cell. Reagent injection also minimizes the 504 reagent consumption, allowing over 1,000 measurements to be performed with only 505 20 mL of reagent. In the ACT trials, the NUT 1000 (which is non-submersible) was 506 used for surface mapping onboard a research vessel in Monterey Bay, California 507 [90] . Very good correlation with validation samples was achieved, after correction 508 for a measurement offset of 50 mg L À1 P-PO4, which was attributed to differences 509 in refractive index of natural seawater versus the reagent grade water used for 510 preparation of internal standards and machine calibration. The ACT has also 511 reported on successful deployments of the WET Labs Cycle-P nutrient analyzer 512 [91] and the YSI 9600 Nitrate Monitor [89] .
513
Vuillemin et al. [92] described a miniaturized chemical analyser (CHEMINI) for 514 dissolved iron and total sulphide, based on FIA and colorimetric analysis. Designed 515 for deep-sea applications, the system is submersible to a depth of 6,000 m, with 516 detection limits of 0.3 mM and 0.1 mM for iron and sulphide, respectively. It has 517 been used to document the chemical environment prevailing within mussel beds, 518 performing 8 assays/day over a 6-month deployment period.
519
Koch et al. [93] presented the individual microfluidic instrument components to 520 be used for an integrated micro-total-analysis device for in situ, colorimetric, water 521 quality monitoring. Components include a microfabricated filter, a passive 522 micromixer, a 1-cm pathlength microfluidic absorbance flow cell, mini-motor-523 driven peristaltic micropumps, a miniature collapsible reagent storage bag, and 524 compact water-proof packaging.
525
Sieben and co-workers [94, 95] developed a stand-alone sensor platform with 526 integrated sub-systems, which is portable and capable of in situ reagent-based 527 nutrient analysis. The system is based on a continuous flow, microfluidic absorption 528 cell and a low cost optical detection method, together with an automated 529 microfluidic delivery. The system was characterized using the Griess reaction for 530 detection of nitrite, achieving an LOD of 14 nM. The platform can also be 531 configured to detect a range of parameters including nitrate, phosphate, iron and 532 manganese using appropriate colorimetric chemistries. In the nitrite-detection 533 configuration, the system was deployed at Southampton Dock and operated in 534 situ for 37 h, performing 284 discrete measurements. shown that batches of the reagent could be used for over 1 year with no significant 558 loss in performance [98] . This method was therefore selected in preference to the 559 molybdenum blue method, due to the greater stability of the reagents used in the (Fig. 4) .
562
The by a 3.6 V lithium battery. Sample is drawn into the system through a 0.45 mm filter 596 membrane. Reagent, high standard solutions and low standard solutions are stored 597 in PVC bags. A waste bag is also used to collect all waste generated by the system. 598 Fluid handling is performed using three dual channels peristaltic pump heads driven 599 by geared electric motors. One channel of each pump head pumps reagent while the 600 other pumps the sample, high standard solution or low standard solution. The dual 601 channel set-up minimizes the effect of pump outflow pulsation, an inherent property 602 of peristaltic pump set-ups. The pump outlets are connected directly to the In a recent trial of the second generation phosphate sensor, the system was 617 deployed at a wastewater treatment plant in Co. Kildare, Ireland. The sensor was 618 used to monitor the phosphate levels in the plant's treated effluent directly prior to 619 discharge. The system was mounted as shown in Fig. 7 , with the sensor unit directly 620 immersed in the effluent while the communication unit was raised approx. 1 m 621 above the water level to ensure reliable communications were achieved.
622
An autosampler with refrigerated storage capability was installed adjacent to the 623 effluent tank and used to collect 24 samples per week for validation purposes. These 624 samples were analyzed in the laboratory using the vanadomolybdophosphoric acid 625 method. Data from the trial is shown in Fig. 8 , which shows that the sensor and 626 sample readings were generally in good agreement. The unusually high levels of 627 phosphate in the effluent near the start of the trial period were due to a failure of the 628 plant's tertiary treatment system based on ferric chloride dosing to remove phos-629 phate by coagulation. After this system was restored to operation a gradual decrease 630 in phosphate level was observed. Thereafter, the phosphate levels were generally in 631 the 2-3 mg L À1 range. Sensor readings were not obtained from 21/05/2011 to 632 24/05/2011 due to an unusually low water level in the effluent tank, which meant 633 that sample was not accessible to the sensor. 634 
Conclusions
635 A range of deployable microfluidic systems for reagent-based optical detection of 636 various water quality parameters have been developed and deployed with varying 637 degrees of success. Significant barriers to the broader uptake of these systems still 638 exist, while these vary depending on the individual system and application in question, 639 they can be summarized as (1) limited deployable lifetime due to factors such as 640 reagent stability or storage capacity, power consumption or susceptibility to biofouling, to overcoming these barriers is the development of low-cost systems which can operate 644 reliably for extended deployment periods without the need for regular maintenance.
645
The phosphate analyzer system described here has achieved significant steps towards The manufacturing of microelectrodes and microelectrodes arrays is still a 843 complex process [189] [190] [191] . Among several methods of preparation, silicon-based 844 microfabrication technology still offers probably the best results while micro-845 contact printing could represent a cheaper method, although practical control of 846 the geometric features and reproducibility is inferior [182, [184] [185] [186] . However, the 847 long-term stability of microelectrodes and microelectrodes arrays is often question-848 able, e.g., defects in the metal layer, poor resistance to corrosion together with 849 subsequent swelling and delamination of the metal layers [128] . Finally, multi-850 calibration in an array becomes complicated and time consuming as the array 851 response pattern becomes important and, as each electrode drifts, the pattern is 852 unstable in use. In this regard, factorial regimes have been suggested to simplify 853 these issues [192] . 854 
Enzyme Sensors
855 Enzymes constitute one of the most attractive approaches to transduction, as they 856 facilitate amplification of the signal, due to the biological catalytic reaction, and 857 display excellent selectivity, due to the high specificity towards a particular sub-858 strate [120, 123, 193] . As enzymes accelerate the equilibrium formation of a 859 chemical reaction, sensors based on enzymes are intrinsically reversible and may 860 be regenerated [123, 193] , which is beneficial for lowering the cost basis. Screen 861 printing and inkjet formulations for the preparation of disposable enzyme-based 862 sensors have been explored [131] . The principal type of detection for these sensors 863 is amperometric and while potentiometric [174] and conductometric [193] 864 approaches have also been used, these tend to be more dependent on the ionic 865 strength and pH of the sample solution [123] , i.e., less suitable for autonomous 866 remote monitoring. However, in sensors wherein the products of enzymatic reac-867 tion are gaseous, conductometric detection can be very successful when coupled 868 with a gas-permeable membrane to remove most interferences [123] .
869
It is important to note that it is preferable for a sensor to detect a specific analyte 870 rather than the total amount of similar compounds. This is the case of enzyme sensors 871 which respond to a class of compounds, e.g., phenols, organophosphate, carbamates, 872 etc., more than to one specific compound [3, [194] [195] [196] . For instance, detection of 873 common pesticides is based on the inhibitory effect that these chemicals have on acetyl-cholinesterase (AChE) [131, 197] . Yet, this type of sensors may be interesting 875 as early-stage alarms. Thus, for instance, enzyme disposable biosensors proved useful 876 for assaying a phenol "index" in wastewater, surface and river water with shelf 877 stability up to months and detection limits down to nanomolar levels, although 878 sensors responses differ in absolute magnitude and requires in situ calibration [3] .
879
Entrapment of enzymes in gel formulations and/or water-based carbon ink, compati-880 ble with screen printing and capable of improving the enzymatic stability, yet holds 881 great promise for the preparation of enzyme biosensors [123, 130, 193] 
931
It is significant to note that coulometry as a detection mode has not been 932 extensively applied to commercial devices although it may represent a viable 933 alternative for fast analysis when coupled to a microfluidic device able to accurately 934 control small sampling volumes i.e., mL and below. Indeed, the coulometric analy-935 sis is independent from the kinetics parameters and the physical properties of the 936 system, e.g., enzyme activity, electrolyte concentration, temperature, viscosity, etc. 937 which would render the device less prone to sample matrix changes and may not 938 require calibration. For instance, the Abbott FreeStyle™ glucose tester produced at 939 the rate of 10 9 devices/year is actually based on thin layer micro-coulometer with a 940 submicroliter fluidic sampling.
941
At the present state, the preparation of disposable sensors seems the simplest 942 solution in order to cope with needs and issues arising from a deployed platform but 943 new approaches are still required to increase ruggedness, shelf-and operational life-944 time of the sensors. This conclusion emphasizes the fundamental research in 945 nanotechnology as the key strategy to design, engineer and control the sensing 946 layer at the electrode interface thus addressing these needs. ing the underlying principles of these changes within the environment [207] [208] [209] . and invest in energy scavenging capabilities [212] , where possible, to maximize the 992 sensing lifetime and minimize the persistent maintenance costs and initial cost base.
993
To achieve this, every element within the architecture of such an end-to-end sensing 994 system must be examined. A common approach adopted by those in this area has 995 been largely based on standard WSN set-ups [6, 213] where nodes equipped with Table 3 shows two datasets, the first is 1086 how many breaches are missed when sampling on a weekly (workday) basis, the 
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